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Introduction
The Chua's circuit is considered to be one of the simplest to construct chaotic circuits. One application of constructing a Chua's circuit is to provide a hands-on experiment to aid in the study of nonlinear systems. Specifically, to provide a demonstration of bifurcation and hysteresis, one can tune various potentiometers in the circuit. Courses in which students may benefit from a live demonstration of a chaotic circuit include, but are not limited to, circuit theory, electronics, nonlinear dynamics and chaos, nonlinear differential equations, applied nonlinear control theory, dynamic system modeling, physiology, and others in departments such as electrical engineering, mechanical engineering, physics, biology, and mathematics. Whatever the application may be for constructing a Chua's circuit, it is possible to show the access to tools and instructions for common hobbyists, curious students, researchers, and educators.
Leon Chua is credited with developing the Chua's circuit in 1983 1 and the circuit received considerable attention from the research community as a tool with simple structure to study chaotic systems. Several books and articles have been written on constructing Chua's circuits in several variations. 2, 3 The circuit is "simple" to construct, provided that all the necessary components are readily available along with all the measuring tools required to observe the chaotic attractor. The traditional Chua's circuit consists of three energy storing electrical components, specifically two Page 26.348.2 capacitors and one inductor. Numerous papers have considered alternative designs of Chua's circuit to eliminate the inductor. 4, 5, 6 Some reasons for this include:
• The changing state to be measured for an inductor is the current passing through it, which is difficult to measure accurately.
• The inductance value required to build the circuit may not be readily available.
• Often, the parasitic resistance of the inductor can be large enough to prevent the Chua's circuit to not function as intended.
A common technique is to replace the inductor with an inductor-gyrator circuit. 5 Although Chua's circuit can be built readily by using available components, the observations of the attractor and nonlinear phenomena such as bifurcation are commonly done using an oscilloscope. However, hobbyists and students may not be able to afford their own oscilloscope since it can cost a few hundred to a couple of thousand dollars. An alternative inexpensive solution is to use the "LineIn" of a USB soundcard, which can provide two analog input signals with a sampling rate of 44 kHz or more.
In this paper, we present a Chua's circuit that can be constructed entirely out of components from a hobby electronics store (such as RadioShack and Fry's Electronics), and show that an external USB soundcard can be used as an inexpensive replacement to an oscilloscope and desktop soundcard. Several online resources are provided to diversify the channels through which one may best grasp the information. Such an approach will make chaotic systems more accessible and allow for their easy integration in student projects or classroom demonstrations. Finally, we discuss how this body of work is informed by a pedagogical perspective, and the value it has to individuals with varied learning styles.
Chua's Circuit
The Chua's circuit as shown in Figure 1 was originally designed not only to be simple to build but also simple in its dynamics. The design was intended to fulfill the minimum requirement of achieving chaos for a continuous time dynamical system. 2 Various parameters of a Chua's oscillator include L as a linear inductor, R and R 0 as linear resistors, C 1 and C 2 as linear capacitors, and others that correspond to the Chua's diode. The state equations of the Chua's oscillator are given by
where G = 1/R and the nonlinearity g(v R ) corresponding to the Chua's diode is characterized as follows
Although the schematic of Figure 1 is drawn in a fashion such that it is easy to comprehend how (1) and (2) arise from the shown interconnections, it is not obvious how to physically realize the circuit since some components may not be readily available off-the-shelf, e.g., the nonlinear component of the circuit, the Chua's diode. Moreover, as previously indicated, the implementation of an inductorgyrator is preferred in lieu of an inductor. We implement the Chua's diode schematic presented by Ref. 7 and the inductor-gyrator presented by Ref. 5 as shown in Figure 2 . In most literature, the instructions for building a Chua's circuit do not go beyond the schematic and the parameters for each component. 3 In the following section, we provide instructions for assembling Chua's circuits beyond the bare minimum of a schematic, including a resource to obtain the materials and instructions on assembling the circuit. With these limitations in mind, one major alteration to the schematic in Figure 2 had to be made as shown in Figure 3 . Specifically, parameter values for R and R 10 are ideally 2.5kΩ potentiometers, however only 5kΩ and 10kΩ potentiometers are available that have large enough knobs to provide enough dexterity for the user to properly tune the circuit to observe bifurcation. As a solution, resistors R 11 and R 12 are placed in parallel to potentiometers R 10 and R, respectively, such that a similar range is achieved as a 2.5kΩ potentiometer. In this new configuration, since the relation to the angle of the potentiometer knob and the equivalent resistance is not linear the best value for R 11 and R 12 was narrowed down via trial and error to easily produce bifurcation. In addition, the schematic in Figure 3 also shows how two batteries supply the power to the circuit with a power switch and power indicator LEDs.
Despite having a physically realizable schematic, it is the experience of the authors that this information alone is not sufficient to build a Chua's circuit without experiencing difficulties. There are several details that are frequently omitted in most literature. To remedy this situation, a web site has been created 8 to promote and support building of Chua's circuits by hobbyist and students. The website is regularly updated based on suggestions from users and emails to the site administrator. Page 26.348.5 The list of potential pitfalls in creating a working circuit is long, especially for those who do not have a background in electrical circuits. An example includes the type of capacitors and batteries to use. Tables 1 and 2 list the components required to build the Chua's circuit, selected from RadioShack and Fry's Electronics, respectively. The components that are available from RadioShack have the indicator "R" in the Source column, components that are available from Fry's Electronics have the indicator "F", and those that are available from other sources have the indicator "O". Tables 3 and  4 list the tools necessary to build the Chua's circuit, selected out of the inventories of RadioShack and Fry's Electronics, respectively. In many cases individual RadioShack or Fry's Electronics stores may not have all the necessary parts, hence for some parts alternative SKU numbers are also provided.
Due to the Maker movement, many resources have recently become available to build electronic circuits. This has raised the bar for quality and clarity of the presentation of projects, especially with the growth of Instructables a "website specializing in user-created and uploaded do-it-yourself projects, which other users can comment on and rate for quality". 9 The layout in which one makes an "Instuctable" on Instructables website is purposely restricted to posting a project in chronological steps. Each step starts with posted pictures and videos of that step and text is added at the bottom (often in very simple language and/or bullet points). Another resource that has grown in popularity is an open-source software project called Fritzing. 10 One of its major features is a relatively easy interface to document breadboard layouts. Although this feature is not new, the company SparkFun has adopted Fritzing in many of its tutorials. The importance of these two tools is that they are both geared for visual learners and remove a layer of abstraction, specifically reading schematics or instructions in paragraph form. We have posted the instructions on how to make a Chua's circuit out of RadioShack components on Instructables 11 and have adopted the use Page 26.348.6 of Fritzing to make schematics ( Figure 3 ) and breadboard layouts (Figure 4 ) to accommodate visual learners. The use of aforementioned schematics result in a finished Chua's circuit as depicted in Figure 5 . 
USB Soundcard Scope
In order to visualize the chaotic attractor one would typically use an oscilloscope (see Figure 6 ), however such devices are frequently out of the price range for hobbyists and students to make a simple demonstration. Moreover, the measurement of analog signals using a Line-In port of a desktop soundcard is no longer a relevant solution to replace an oscilloscope. The 1990's desktops came commonly equipped with a soundcard which included a Line-In port. The current computer market is split between desktop and laptop computers, and most laptops do not have a Line-In port.
As an alternative, we propose using a USB soundcard such as the BEHRINGER U-CONTROL UCA222 that can achieve a sampling rate of 44 kHz for two channels. Table 5 lists all the necessary components to make use of the USB soundcard to perform signal measurements on a Chua's circuit. Alternatively, Table 6 lists corresponding components available from Fry's Electronics. Note that a 1MΩ resistor is to be connected between the Line-In and the Chua's circuit. Once the USB soundcard is connected, a user can utilize the two channels of Line-In as the XY-mode of an oscilloscope to produce phase plots. A recommended software for Windows users is Soundcard Oscilloscope developed by Christian Zeitnitz. 12 Figure 7 is a screenshot of using Soundcard Oscilloscope while it is connected to the Chua's circuit and the chaotic attractor is clearly displayed. As one slowly tunes the potentiometer, the circuit response evolves from steady state and transitions into a chaotic mode as seen in Figure 8 . 
Learning Objectives and Pedagogy
Laboratory experiments are widely used in engineering education to allow students to i) gain working familiarity with physical apparatus and manipulatives; ii) gain experience with collecting, analyzing, and interpreting real data; and iii) gain an ability to connect fundamental engineering concepts with practical applications 13 to develop a "feel for engineering". 14 In this spirit, following learning objectives have been identified for this work. First, students will learn to interpret circuit diagrams, identify circuit components, and perform circuit assembly using a breadboard. Second, students will experimentally generate, read, and interpret a phase portrait. Third, students will produce and identify bifurcation behavior as a parameter is varied in the Chua's circuit. Fourth, students will identify hysteresis of the circuit output as a function of a changing parameter. Fifth, students will identify and interpret chaotic behavior by inspecting the chaotic circuit output.
Use of the Chua's circuit for instructional purposes in the classroom or laboratory is not uncommon. 15, 16, 17 It can easily demonstrate nonlinear phenomena such as bifurcation and hysteresis as Page 26.348.10 a parameter is varied. 18 The students' experience is as follows: as students physically tune a potentiometer in the Chua's circuit, they will see the effect the turning has on the signal to bring a system from steady state, to a stable limit cycle, and to chaos. Then, when the knob is turned in the opposite direction, students will sense that there is not a one-to-one correspondence between the position of the knob of the potentiometer and the behavior of the circuit, witnessing hysteresis of the parameter.
Recent research has examined the effectiveness of physical experimentation versus simulation on learning outcomes. 19, 20 For example, even though situated and embodied characteristics of cognition intuitively suggest that physical experimentation and simulation will yield varied effects on student learning, 21 in unconfounded experiments with elementary school students, physical and virtual materials have been shown to produce comparable effectiveness in accomplishing desired learning objectives. 20 Alternatively, in a different study, participants engaged with physical experimentation achieved better learning gains than those who engaged with virtual experimentation. 22 Although the nonlinear phenomena arising in the Chua's circuit can be demonstrated using computer simulations, physical experience can potentially be more valuable and vividly memorable to students of different learning styles, specially for kinesthetic learners with active touch and physical manipulation of experimental variables. For constructing the Chua's circuit, it may be of value to note that by providing instructions in various formats (schematics, breadboard layout, Instructables, tutorial website), students can possibly have diverse mechanisms to grasp the know-how of assembling a Chua's circuit in a manner that may be a natural fit for them. Yet, an exclusive reliance on visual tutorials (e.g., Instructables and Fritzing's breadboard layouts) may deprive a student from learning how to read a schematic. The decision as to which method is best to use for building a Chua's circuit can only be made based on the context. An electrical engineering graduate student studying nonlinear circuits would get more insight by reviewing the schematic diagram and differential equations of the system. In contrast, a demonstration of bifurcation as an analogy to a non-electrical engineering audience can benefit from being able to assemble the circuit quickly using a breadboard layout.
Assessment
Below we provide three examples in which high school, undergraduate, and graduate students were engaged in building, operating, observing, and analyzing the behavior of a Chua's circuit. The ability of students to successfully build the Chua's circuit and their feedback on obtained results provide a qualitative assessment that the aforementioned learning objectives were accomplished.
First, to illustrate that the framework of this paper can be readily used by undergraduate engineering students, the first and last authors of this paper recruited a mechanical engineering freshman, who had no prior experience with electronic circuits, as a summer intern. The student was tasked with building, testing, and demonstrating the Chua's circuit out of RadioShack components using the previously mentioned online resource Ref. 8 . The student was able to accomplish the assigned task without any further direction and produced the steady state, limit cycle, chaos, and bifurcation behaviors, showing the validity of our proposed approach. The student, who is a co-author of this paper, provided feedback concerning the resources that were most helpful to build the Chua's circuit and recommended additional content and changes that have been compiled in the Instructables page.
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Second, in a technical high school based in a suburban community, a presentation on chaos theory was given to 30 students enrolled in an introductory electrical and computer engineering class. Page 26.348.12
The presentation used MATLAB simulations of a simple pendulum and a double pendulum to explain the properties of chaos such as sensitivity to initial conditions, dense periodic orbits, and the requirement that a system possess a certain degree of complexity to produce a chaotic orbit. The presentation followed a live demonstration of a chaotic attractor using the Chua's circuit connected to an oscilloscope. Students came up to the live demonstration to change the parameters of the Chua's circuit and to witness the bifurcation phenomena. After the presentation, the students in the class were provided 11 kits containing all the components needed to build a Chua's circuit and a link to online resource Ref. 8 . To motivate the students, the teacher offered them extra credit for building a Chua's circuit on their own time by using various tools and measurement equipment available at the school. Since the visit to the class, four students have emailed the first author to indicate that each of them had constructed a functioning Chua's circuit. Moreover, they provided feedback with videos of their results and positive comments about the helpfulness of Ref. 8 to accomplish their task.
Third, in a graduate nonlinear dynamics class at a local university, to supplement a lecture that discussed hysteresis and nonlinear oscillators, two graduate students were provided Chua's circuits to create physical demonstrations to illustrate the concepts discussed in the classroom. One graduate student provided feedback that "playing with the circuit" provided him with a clearer understanding of hysteresis and "how it worked".
Conclusion
Access to physical tools and equipment is not growing as rapidly as our access to digital information. However, the information we share digitally offers novel ways to utilize our physical resources and the modes to share such resources are growing as well. These modes differ in the way content is shared or distributed and they appeal to different ways in which people consume and comprehend information. In this paper, we suggested a variety of methods to deliver a how-to-tutorial of constructing a Chua's circuit including a dedicated website and using tutorial platforms, Instructables and Fritzing. The tutorials take into account ease of access of components and include parts lists for walk-in hobby electronics stores (specifically, RadioShack and Fry's Electronics). The Chua's circuit itself can provide a valuable learning opportunity for the study of nonlinear systems as a hands-on experiment. Much of the current literature focuses on the treatment of nonlinear systems through lectures and computer simulations. This paper shows that the Chua's circuit can be readily adapted for hands-on active learning.
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